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Abstract 
An improved, efficient, reliable and cost-effective pyrosequencing protocol for SNP genotyping in 
plants is described. Labelling of the PCR products, required for the single-stranded pyrosequencing 
assay is carried out in a one-step PCR reaction with a universal biotinalyted M13 primer of 19-bp. 
A ratio of 1:10 of tailed-primer to M13 primer in a 15 µl reaction volume turned out to be best 
suited for a successful identification of different alleles based on known SNPs. This technology 
allows cost effective SNP genotyping in plant genomes for loci of interest at an overall low cost in a 
short period of time and is therefore best suited for marker based selection procedures. 
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Introduction 
Molecular markers have been widely used in plant breeding for phylogenetic studies, comparative 
genomics, mapping of genes or quantitative trait locus (QTL) and marker assisted selection (MAS) 
(Varshney et al. 2005, Ganal et al. 2009). The most abundant molecular markers in plant and animal 
genomes are Single Nucleotide Polymorphism (SNP), which constitute single base-pair variations 
in the DNA sequence. They are becoming the marker of choice in plant breeding, as they are easily 
prone to automation and high-throughput. Consequently, genomic resources based on SNPs for 
crop plant species are growing fast (e.g. Close et al. 2009). Nevertheless, for breeding purposes it is 
often the case that one specific SNP has to be analysed on thousands of genotypes, because a certain 
allele is indicative for a desired trait (e.g. Tyrka et al. 2004). At this scale, the most popular method 
for this purpose is still SNP genotyping using Cleaved Amplified Polymorphic Sequences (CAPS) 
(Konieczny and Ausubel 1993), which is based on the digestion with a restriction endonuclease. 
This technology, however, has some drawbacks, as the possibility of false scorings due to partial 
restriction enzyme digestion and the limitation to SNPs for which a restriction enzyme is available. 
Therefore, the development of an accurate and low-cost methodology to assay SNP-based markers 
in plant breeding is still necessary.  
For this purpose we propose an improvement on the SNP detection procedure through 
pyrosequencing (Ronaghi et al. 1998). Pyrosequencing is a real-time sequencing technique based on 
the detection of released pyrophosphate during DNA synthesis. This method involves the 
conversion of the PCR product into single-strand DNA and isolation of one of the strands, usually 
through labelling with biotin. Pyrosequencing is accurate, flexible, and can be easily automated 
(Langaee and Ronaghi 2005). Several applications of this technique for SNP genotyping in plant 
genetic studies have been proposed (Mochida et al. 2003, Varshney et al. 2008, Hanemann et al. 
2009, Wang et al. 2010). However, one major disadvantage of this technology, which notably 
increases the expenses, is the need for primers typically labelled with biotin. 
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The aim of this work is to develop a universal scheme for the conversion of SNP markers into easy-
to-handle and cost-effective pyrosequencing markers suitable for application in plant breeding.  
 
Material and Methods 
Plant Material. Seedlings from the barley landraces ´SBCC097´ (Igartua et al. 1998) and 
´MBR1012´ and the cultivars ´Plaisant´ and ´Scarlett´ were harvested at the two leaf stage and 
frozen in liquid nitrogen. Total genomic DNA was extracted using either the NucleoSpin Plant XL 
kit (Macherey–Nagel) or the CTAB method according to Stein et al. (2001). 
Primer design and PCR optimization. A set of SNP markers, previously analyzed in an Illumina 
Golden Gate assay (BOPA1, Close et al. 2009), were employed to set up the new protocol (Table 
1). Each pyrosequencing marker comprises a set of three primers: forward, reverse and sequencing 
primers. All primers were designed using the Pyrosequencing Assay Design Software (Biotage). 
The primer design parameters included a ‘primer length’ up to 21 bp and an ‘optimal product size’ 
between 150 and 200 bp. An M13 tail (5’-CACGACGTTGTAAAACGAC-3’) of 19 bp was added 
to the 5’end of the forward primer. The sequencing primer was always designed on the 
complementary strand to the M13-tagged primer. The biotin label was incorporated to a M13 
universal primer with a complementary sequence to the M13 tail.  
First, we optimized the PCR conditions without the M13 primer. PCR reactions were performed in 
a total volume of 15 µl, containing 25 ng of genomic DNA, 1× PCR reaction buffer (Solis Biodyne, 
Tartu, Estonia), 2.5 mM Mg2+, 0.2 mM of dNTPs (Fermentas, St. Leon-Rot, Germany), 0.2 mM of 
each primer (Biolegio, AB Nijmegen, Netherland) and 0.5 U Taq FIREPol polymerase (Solis 
Biodyne). Taq DNA polymerase (Qiagen), FIREPol polymerase (Solis Biodyne) and AmpliTaq® 
DNA Polymerase (Applied Biosystems), respectively, with their corresponding reaction buffers 
were used for the parallel assessment of amplification quality and quantity. All fragments were 
amplified using a touchdown PCR profile in which the annealing temperature was decreased in 
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0.5°C increments from 62ºC to 56°C, followed by 35-40 cycles at 56°C. When using a Hot-Start 
Taq FIREPol polymerase (Solis Biodyne), the PCR programme was modified by increasing the first 
step at 94°C up to 15 min and the number of cycles up to 45. Amplicons were analysed by 
electrophoresis on a 1.5% agarose gel in 1×TBE buffer and visualized using ethidium bromide 
(5µg/ml) staining. 
Once the presence of non-specific products was corroborated, the biotinylated M13 universal 
primer was incorporated to the reaction using different ratios (tailed forward primer: M13 primer): 
1:2, 1:5 and 1:10. The amount of reverse primer was kept constant. A control reaction without the 
third primer was carried out at the same time. The presence of only one amplicon and the strength 
of amplification were checked by electrophoresis on a 1.5 % agorose gel. In instances where it was 
desirable to improve the PCR specificity and yield, a Hot-Start Polymerase (Solis Biodyne) was 
employed. 
Pyrosequencing assay. The pyrosequencing assay for SNP genotyping was carried out on a 
Pyromark ID system (Biotage). The experimental procedure for pyrosequencing assays, including 
annealing plate preparation, immobilization of PCR products to streptavidin beads and the 
preparation of single stranded pyrosequencing template DNA were done as described on 
manufacturer’s instructions.  
 
Results and discussion 
Two markers (11_0761 and 11_0068) from the barley Illumina BOPA1 (Close et al. 2009), were 
employed for the optimization of the PCR and pyrosequencing approach. DNA from ´SBCC097´ 
and ´Plaisant´ were successfully amplified with specific forward and reverse primers for each locus 
(data not shown). The first step of PCR represents the critical step for the further pyrosequencing 
assay since the reliability and reproducibility of the technique largely depends on the quality and 
quantity of the PCR product. The optimal concentration for M13 primer and the stoichiometry of 
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three primers was assayed to avoid the amplification of unspecific products and optimize the yield 
of labelled PCR product. A touchdown programme, as recommended in Schuelke (2000), turned out 
to be very suitable for obtaining good-quality and strong fragments. Amplification with three 
primers for these two markers gave a single and specific product of expected size. No differences 
were observed between different ratios in an agarose gel by visual inspection (Fig. 1a). The 
standard reaction volume used for PCR was 15 µl. If a weak PCR product was obtained, the volume 
was increased up to 25 µl. We did not notice differences in amplification with cheap (FIREPol) and 
more expensive polymerases (AmpliTaq® and Qiagen Taq) (data not shown); therefore all further 
steps were performed by using the cheaper FIREPol polymerase. 
To assess which concentration of universal primer produces the highest amount of biotinylated 
amplicons, the above PCR products were used as templates for the pyrosequencing assay. All 
different ratios tested produced a pyrogram, in which each allele is clearly identified. The different 
primer stoichiometries did not produce a visible effect on the resulting pyrograms (Fig. 1b). 
The new approach described in this paper is similar to the M13-tailed primer method reported 
earlier by Oetting et al. (1995). That technique has been mostly used in plant and animal genetics 
for microsatellite genotyping using fluorescent dye labels and capillary electrophoresis or laser 
detection systems (Anca et al. 2007, Santra et al. 2008). However, to our knowledge, no report 
exists on the application of an M13 tail for the genotyping of SNP markers. Only Royo et al. (2007) 
described a method for mutation detection in humans based on an M13 tail and a pyrosequencing 
scheme. In plants, only a short report by Pacey-Miller and Henry (2003) showed preliminary data 
on using a universal biotinylated primer in a pyrosequencing approach. The main drawback of the 
latter method is that two separate PCRs were performed to incorporate the biotinylated tag sequence 
to the template. In the present work, we overcome such inconvenience by labelling the PCR product 
with biotin in a single-tube step. Compared to the procedure reported by Royo et al. (2007), one 
major advantage of our method lies in the length of the M13 tail. Nowadays, many companies offer 
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the cheapest oligo synthesis tier up to 40 bp. The 24 bp long universal primer proposed by Royo et 
al (2007) leaves only 16 bp for forward primer design in the cheap tier. In most cases, longer 
primers will be needed, thus entailing significant cost increases of oligo synthesis. Our 19-bp 
sequence of M13 universal primer allows the design of forward primers up to 21 bp without 
increasing the cost of the primer synthesis. Additionally, smaller PCR volumes can be used in our 
approach compared to Royo et al. (2007) and thereby the cost of chemicals per reaction will be 
notably reduced.  
To evaluate the reproducibility and robustness of the method, we selected the ratio 1:10 (0.2 µM 
M13 primer: 0.02 µM forward primer) for further work on another four BOPA1 SNP markers and 
two different lines (´MBR1012´ and ´Scarlett´). No other PCR components or conditions for these 
markers were optimized. PCR products of expected size and expected pyrograms were obtained for 
all 4 different markers and a polymorphisms was detected in three of them (Fig. S1). Therefore, we 
can conclude that all the time-consuming preliminary steps for primer optimization do not need to 
be undertaken for each new primer set or DNA material. This feature constitutes a considerable 
improvement compared to previously available procedures and a notable profit for rapid and 
successful implementation of this technology into the laboratory, since individual optimization of 
each SNP assay is not necessary. Additionally, the method proposed successfully identified SNPs 
that differed in the composition of adjacent sequence (which frequently entails the development of 
specific procedures to assay each SNP). Therefore, this method facilitates to assay a panel of SNPs 
with a single procedure, avoiding the need to deploy a suite of different genotyping methods for 
each specific SNP.  
The technology presented here provides an opportunity for laboratories possessing a pyrosequencer 
to optimize its use by reducing notably the expenses. This method will be best suited for all cases in 
which a limited number of SNPs has to be tested on a large amount of genotypes, e.g. in high 
resolution mapping procedures and in marker based selection schemes. Additionally, the flexibility 
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provided by our method to explore a large number of genotypes, together with the ‘sequencing by 
synthesis’ technology inherent in the pyrosequencer, opens possibilities for SNP discovery in a 
much cheaper way. It would be possible to identify SNPs which are known (as it has been 
demonstrated in MBR1012 and Scarlet) but also to discover new SNPs in the neighbourhood of 
known SNPs while analyzing new genotypes in germplasm collections (see SNP 11_0537 in Fig. 
S1). Thus, new alleles for known genes may be discovered. 
In conclusion, the major advantages of the approach presented here are a reduction of the overall 
cost of pyrosequencing (cheap Taq polymerase, only one general biotinylated primer, small PCR 
volumes and only one single-tube reaction for labelling of PCR products) and of the requirements 
for individual assay optimization, while maintaining the specificity, flexibility and accuracy of a 
typical pyrosequencing approach. 
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Table 1. Marker name and primer sequences for BOPA1 SNPs employed for optimization of the pyrosequencing assay. 
 
Marker1 Unigene2 SNP Forward primer3 (5´– 3´) Reverse primer  (5´– 3´) Sequencing primer  (5´– 3´) Sequence to analyze PCR product (bp) 
11_0761 481 C/G GCTGTCAGAGTCATCAACAC AATAATGGTGCACGACAAGT CAAGCTCCATCAATCG GC/GCATGGTACCA 157 
11_0068 14616 C/G CATTTTCTGGGCATTACG AAGGACTACGACGAGAATG CTGGGAGGATCTGGT CTC/GAAGAAGAGTG 154 
11_1372 17115 A/G AATTCTTGGCGATTACTC GCTACCATGTGATAGAGCT TCCAGTGCCCATCAT C/TTATTCCAGTA 188 
11_0537 15977 A/C TCCCTTGTTCATAGAGTCG GCGGTTTTGATAATTTAGAAG CTCAGAGAGATTCCCG WG/TCGGAAACAAT 187 
11_0036 14496 A/G CCAGCAGACAAATGACAC AAGGGTGGATACACCATCT CCATCTCCGACAACTC GAGC/TGGAAACAAG 153 
11_1129 15178 A/G GCCATCCATCTTGTTGTC TTACAGCACGAACACCAT ACCCTAGCTTGGTAGTTC C/TGCCATCAGAA 186 
 
1Illumina OPA markers are designated according to BOPA1 name (Close et al. 2009) 
2Number of Unigene in HarvEST Assembly #35 (http://harvest.ucr.edu) 
3The biotynilated M13 (CACGACGTTGTAAAACGAC) was added at the 5´end of each forward primer 
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Figure 1. (A) PCR amplification of two BOPA1 markers using three primers (M13, tailed-forward 
and reverse primers). S, SBCC097; P, Plaisant; M, 50 bp marker. Control indicates a PCR reaction 
without M13 primer. (B) Pyrograms obtained with two different SNP BOPA1 markers; 11_0068 
(right) and 11_0761 (left) on lines SBCC097 and Plaisant. The pyrograms observed by 
pyrosequencing analysis represent each possible genotype. I, II and III indicate the ratio of tailed 
forward primer to M13 primer; 1:2, 1:5 and 1:10, respectively. Letters on the X-axis indicate the 
dispensation order established for the machine according to the “sequence to analyze”. E and S 
stand for enzyme and substrate reagents, respectively. 
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